A B S T R A C T During single pass indicator studies across the lungs ["C]urea remains in the vascular compartment, but its molecular size and solubility suggest it might escape abnormally permeable vessels. To test the hypothesis that ["C]urea might be used to distinguish pulmonary edema due to acutely increased intravascular pressure from that due to vascular damage by alloxan, we studied [5tCr]erythrocytes (r), ['I]albumin (a), ["C]urea (u), and tritiated water as dilution indicators in the pulmonary circulation of anesthetized dogs. In addition, the adequacy of albumin as an intravascular indicator was evaluated.
INTRODUCTION
Most of the information available about movement of water across permeable vessels in the pulmonary circulation suggests that, as in other organs, the Starling hypothesis (1) is valid (2) . Pulmonary edema develops when the net rate of fluid movement from the vessels to the lung interstitium exceeds the rate at which the lymphatics return fluid to the systemic circulation (2) . This situation may occur as a result of an increase in the net transmural pressure gradient in the permeable vessels or as a result of an increase in permeability of the vascular bed to protein (and presumably to smaller hydrophilic molecules as well) (2) (3) (4) (5) .
The most frequent cause of altered pressure relationships favoring increased filtration of fluid in the lungs is heart failure. This "high pressure" edema has been produced experimentally by a variety of maneuvers (6) (7) (8) (9) and much of the data describing pulmonary edema has been obtained in such preparations.
Lung edema develops in humans without apparent heart failure after administration of certain drugs (10, 11) , during traumatic (12) or septic (13, 14) shock, after thoracentesis (15) , or blood transfusion (16) , and during the course of several acute illnesses (17) . The study of pathogenesis in these clinical situations is hampered partially by a lack of in vivo methods for detecting altered vascular permeability either when present as an isolated process or when present together with increased intravascular pressures.
We have attempted to detect altered pulmonary vascular permeability using indicator dilution techniques because they can be used in vivo. Urea was chosen as the test indicator because of its physical characteristics and its behavior in the pulmonary vascular bed. Urea is a hydrophilic substance with a molecular radius (row 2.6A) and a free diffusion coefficient (D1wc = 1.95 X 10cm's') only slightly different from water (r The Journal of Clinical Investigation Volume 52 August 1973 2041-2052 1.5A; D37'C = 3.4 X 10'`cm's-1), and most investigators have assumed that it passively crosses vessel walls (18) . However, unlike water, urea behaves essentially like an intravascular indicator in a single transit through the lungs of normal dogs (19, 20) . When lung vascular permeability is increased, urea should escape more readily from the vascular space and the relationship between its single pass dilution and the curve of a less "diffusible" intravascular indicator might change. Since hydrostatic pressure only minimally affects diffusive flux, similar changes might not be expected to result from elevating intravascular pressure.
A number of experimental models have been described in which pulmonary edema has been produced by chemical agents in living animals (21) (22) (23) (24) (25) (26) (27) or in isolated perfused lungs (28, 29) . For this study alloxaninduced pulmonary edema in dogs was chosen because it is the most thoroughly studied (6, 7, 30) . Since alloxan alters vascular pressures very little (6, 7), does not increase capillary blood volume (7) , and increases permeability to protein in isolated lungs (29) , the edema is apparently a result of loss of vascular integrity.
Chinard, Enns, and Nolan measured "pulmonary extravascular water volume" in living dogs by comparing indicator dilution curves of tritiated water and an intravascular indicator across the lungs (31) , and many investigators have used this method to measure pulmonary edema. The distribution volumes of lung water, determined by this technique, are not limited by the diffusion rate of tritiated water (32) (33) (34) , but are uniformly smaller than lung water content determined by postmortem dessication (6, 35, 36) . This discrepancy has been attributed to hypoperfusion and "inaccessible" water (6, 34) 40 uCi tritiated water (THO), and 10 ptCi ["C]urea were added to these labeled cells. This injectate was prepared immediately before the first dilution curve was run and kept refrigerated for the duration of the study to prevent breakdown of urea. Immediately before each dilution curve, arterial blood samples were taken for determination of background activities of the isotopes and hematocrit, and an anaerobic sample collected for measurement of Pco2, Po,, and pH that were determined with Instrumentation Laboratory model S113 blood gas analyzer (Instrumentation Laboratory, Inc., Lexington, Mass.). For each dilution curve, 3.0 ml of the injectate was rapidly injected as a bolus into the right atrial catheter (catheter vol = 0.43 ml), afterwards 1.2-ml samples were drawn at 1-s intervals from the catheter in the terminal aorta using an automatic syringe sampler described by Ramsey, Puckett, Jose, and Lacy (33 Relative concentration, expressed as a ratio of counts for each indicator in each sample to the total counts of that indicator injected, was plotted on a logarithmic scale against a linear time scale; the downslopes were extrapolated linearly using a least-squares line and calculations of area, flow, and mean transit time were made as described by Ramsey et al. (33) . The difference between mean transit time volumes of any two indicators was taken as the product of the difference in their mean transit times and flow determined from the red cell curves. The intravascular mean transit time for a "composite" curve of labeled red cells and albumin was calculated according to the formulas of Goresky, Cronin, and Wangel (37), using the hematocrit determined before each dilution curve and assuming the water content of red blood cells as 0.70 g H2O/ml cells and the water content of plasma as 0.93 g H20/ml plasma.
In each study a base-line dilution curve was run and curves were repeated at 30 and 60 min after treatment. Immediately after the last dilution curve the dog's chest was opened, the left hilum cross-clamped, the animal rapidly exsanguinated, and the lungs removed. After blotting them free of excess blood, the total wet lung weight and the wet weight of the right lung were determined. The left lung was then prepared for histological examination and the right lung was dried to constant weight suspended in a well-ventilated hood at room temperature. Approximately 3 wk were required for drying.
The left lung was fixed under 30 cm H20 intrabronchial pressure with 1.5% glutaraldehyde in isotonic saline overnight and the sections from the posterior portion of the lower lobe were transferred to 10% buffered formalin solution and subsequently sectioned and stained with hematoxylin and eosin for light microscopy.
Six dogs only received an injection of 10-20 cm3 normal saline into the right atrium following the base-line curves (saline control group). Seven dogs received 125 mg/kg alloxan (Fisher Scientific Co., Pittsburgh, Pa.) dissolved in 10-20 cm' normal saline injected into the right atrium following the base-line curves (alloxan edema group). Five dogs received a slow infusion (about 200 ml/h) of a 0.003%o solution of epinephrine in normal saline for the 60 min study period after the base-line curves (epinephrine group). Six dogs received a liter of 6% dextran (average molecular weight 70,000) in saline over a 15 min period after the base-line curve, followed by an infusion of 0.003% epinephrine in dextran (about 200 ml/h) regulated to maintain the left ventricular end diastolic pressure at 35-50 mm Hg (volume overload edema group). Two additional dogs receiving alloxan and one receiving dextran and epinephrine died before the studies could be completed and are not included.
In addition to these four primary study groups, pulmonary edema was induced in four animals by inflating a balloon in the left atrium. These preparations were identical with those described above except that no catheter was placed in the left ventricle, and before the base-line indicator dilution studies, a left thoracotomy was performed and two catheters were fixed in the left atrium through an incision in the atrial appendage. One catheter had a 40 ml capacity inflatable balloon on its distal end and the other, fixed cephalad to the balloon, was used for recording mean left atrial pressures throughout the studies. The chest was not closed. The base-line studies were carried out with the balloon deflated. After this, 100-150 ml of 6% dextran in normal saline was infused through the right atrial catheter and the left atrial balloon was slowly inflated with about 15-20 ml of air to maintain left atrial pressure at 25-35 mm Hg. Indicator dilution studies were repeated at 30 and 60 min after inflation of the balloon. After the last dilution study, the thoracotomy incision was extended, the animal was exsanguinated, and both lungs were removed, separated, blotted, weighed, and dried to constant weight in room air. Histologic examination of these lungs was not done. The significance of differences between observations in the same animals was evaluated with a paired t test and the significance of differences between observations in different groups of animals was evaluated using a t test for independent groups (41). Table I defines the abbreviations we have used in presenting and discussing our data.
RESULTS
Blood gas, pH, hematocrit, and pulmonary arterial pressure values for each of the four primary study groups are summarized in Table II no significant changes from base-line Va-r in the control group. The animals with alloxan edema showed small but significant increases at 30 (P <0.03) and 60 mmn (P < 0.02). V0-t tended to increase in both the epinephrine and volume overload groups, but the only significant changes from the base line were in the volume overload group at 60 mmn (P < 0.03). There were consistent large increases in Va-r in the animals with inflated left atrial balloons. The control group showed no significant changes in V"-, during the study period, but in the alloxan group, Vat was increased from base line at 30 (P < 0.01) and 60 mmn (P < 0.02). There were consistent large increases in this value in the left atrial balloon group; the only other significant changes were in the volume overload group at 60 mmn (P < 0.05). V".t was not significantly different from V0-t at any study period in the control group of animals. This was also true for base-line studies in all of the experimental groups. However, in the alloxan edema group, IV0-significantly exceeded V0-t at 30 (difference = 9 ml, P <0.02) and 60 mmn (difference-=11 ml, P <0.04).
In the epinephrine group, V0-r was significantly less than Va-t at 30 (P < 0.01) and 60 mmn (P < 0.01). In the volume overload group these values were not significantly different at 30 min, but at 60 mmn V.-r was smaller (P < 0.02). V. Evaluation of intravascular indicators (Table VIII) . such substances are almost completely confined to the vascular space in one transit through the lungs (9, 19, 20) . In an effort to gain more information about the pulmonary vascular bed, several investigators have used small water-soluble substances as dilution indicators in humans and animals with pulmonary edema. Lilienfield, Freis, Partenope, and Morowitz recovered less thiocyanate relative to an intravascular indicator in patients with congestive heart failure than in patients with normal lungs (45) . Bauman Table I , values are means +SEM.
volume overload edema and alloxan edema and found decreased recovery in both situations with greater mean loss of sodium in his alloxan group (9). Gump, Mashima, Jorgensen, and Kinney compared sodium and labeled albumin dilution curves in surgical patients with respiratory failure and found decreased recovery of sodium compared with patients with normal lungs (48) . The authors interpreted this as evidence for vascular damage, but pressures were not reported and no patients with "high pressure" edema were studied for comparison.
Since the shape of single transit dilution curves for small hydrophilic molecules reflects primarily diffusive movement, it would be expected that a change in permeability of these vessels might change the shape of the (18) , and the dilution curves might not be affected in situations where increased filtration of water is due to increased intravascular pressure. This does not seem to be the case for the substances discussed above, and Pearce has postulated that sodium is "bound" by abnormal vascular endothelium in his edematous dogs (9) . We found the distribution volume of [1'C]urea in excess of that of ['Cr]erythrocytes (V.-,) to be greater than this "excess volume" for ['I]albumin (Va-r) during alloxan-induced edema, when permeability is increased but hemodynamic variables are constant. V.,-did not exceed V.-r in animals with pulmonary edema resulting from increased intravascular pressure whether flow was increased (volume overload edema) or not (left atrial balloon group). These findings are consistent with the concept that vessel walls impose the main diffusion barrier to the exit of urea from the vascular space, and that acutely increased hydrostatic pressure has less effect on transvascular flux of urea than increased vascular permeability. We found no evidence that urea behaves other than passively in the pulmonary circulation in these studies.
A comparison of the indicators we have used permits distinction between alloxan pulmonary edema and "high pressure" pulmonary edema. Therefore, the technique should detect an increased vascular leak in pathological states in humans in which there is loss of integrity of the pulmonary vessels whether or not pressures are increased. Similar studies with other indicators have been carried out in living humans with little morbidity (33, 34) .
Chinard, Goresky, Enns, Nolan, and House (49) felt that distribution volumes for urea across the renal circulation in dogs were smaller than expected because capillary transit time was short relative to the time required for equilibration of urea between red cells and plasma, so that some of the urea indicator was "trapped" in red cells and not available for extravascular distribution during a single transit through the circulation. If this "trapping effect" were substantial in our control studies, and if alloxan either prolonged mean capillary transit time or markedly decreased the variability of small vessel transit times, V.,-might exceed V.-, only because the "trapping" effect was less. The average pulmonary capillary transit time of 0.8 s in normal dogs calculated by Staub and Schultz (50) Some investigators have calculated extracted fractions (E) and permeability-surface area products from the differences between the first portions of the dilution curves of intravascular-and diffusion-limited indicators (19, (53) (54) (55) . We sampled at 1-s intervals resulting in relatively few points on the early part of the curves so that such calculations are less precise than when sampling is more frequent. We calculated mean ureaextracted fractions compared with the composite intravascular curve between appearance and intravascular indicator peak as suggested by Crone (56) . E averaged 0.10-0.12 in all control and base-line studies, increasing to 0.20 at 60 min in the alloxan edema group. In both the epinephrine and volume overload edema groups (where flow was increased), E declined as expected (E at 60 min in the epinephrine group averaged 0.08 and E at 60 min in the volume overload edema group averaged 0.07). Since the extracted fraction decreased from appearance to peak in all groups, permeabilitysurface area products calculated from these data are difficult to interpret.
Evaluation of intravascular indicators. While it is clear that albumin leaks from the vascular space in all forms of pulmonary edema, it has been generally assumed that the rate of leak is too slow to affect the single pass indicator dilution curve, and albumin labels have been used almost exclusively as the intravascular indicator when extravascular water volumes are measured. If the mean transit time volume for albumin was larger than the intravascular volume in edematous animals, extravascular water would be underestimated.
In addition, the transit time of red blood cells through the pulmonary circulation is shorter than that of albumin (37) . Since water distributes in both blood phases, the intravascular transit time used for extravascular water calculations should take this into account. Goresky et al. have shown that using albumin transit time alone will result in a smaller volume for extravascular water than when a "composite" intravascular transit time, calculated from the water content of red cells and plasma, is used (37) . The same workers have demonstrated that alterations in hemodynamics affect the degree of red cell-albumin separation in dogs without edema (37) .
In our group of dogs with alloxan edema, the separation of red cells and albumin increased as edema developed even though flow and pressure changes were minimal. This suggests that the albumin mean transit time volume may include part of the extravascular space after alloxan. However, the changes were small, and the difference between extravascular water volumes using albumin alone and using a composite intravascular indicator was similar to control values (Table VIII) .
Because most of these animals were severely edematous, it is unlikely that increased permeability in any situation compatible with life will produce a leak sufficient to markedly affect the single passage distribution volume of albumin in the lungs.
Our observations of a tendency toward increased separation of red cells and albumin when flow was increased, whether or not the animals were edematous, are consistent with those of Goresky et al. (37) . However, we observed the greatest separation of red cells and albumin in animals with left atrial balloons when flow was normal or low. Although the changes in this group were large, we believe that the separation was intravascular since the differences were similar to those observed by Goresky et al. (37) in exercising normal dogs and since urea and albumin mean transit times were similar. If the difference between red cells and albumin is a real difference in intravascular volumes, it presumably results from the separation of the two blood phases in small vessels described by Fafhraeus and Lindqvist (57) . In vitro studies of this phenomenon in glass capillaries suggest that the degree of separation depends more upon large vessel hematocrit and capillary size than upon flow (58) . Our studies do not define a single hemodynamic variable that permits reliable prediction of the magnitude of the difference in red cell and albumin mean transit times across the lungs of living dogs.
The difference between extravascular water volume using albumin as the sole intravascular indicator and using a "composite" intravascular indicator was about 8% in control animals and in animals with either alloxan or volume overload edema, and the difference was fairly constant. However, the large discrepancies in the two values in the epinephrine and left atrial balloon groups and their wide variability suggest that when indicator dilution studies of lung water are compared between situations in which either pulmonary hemodynamics or blood hematocrit is different, both red cell and albumin labels should be used. The use of albumin alone could obscure large differences in extravascular water.
